In 1907, Elie Metchnikoff hypothesized that "autointoxication" by "putrefactive" bacteria accelerated aging and caused disease. Emerging science from the Human Microbiome Project and the Metagenomics of Human Intestinal Tract projects has brought in a paradigm shift in our perception about the gut microbiome. 1 The human microbiome has coevolved with the host and established a symbiotic relationship, which has expanded our metabolic and biosynthetic capabilities well beyond what is coded in our genomes. Numbers of signaling molecules, receptors, and effectors from the microbiome that regulate host functions are being constantly unraveled. 2 Short-chain fatty acids (SCFAs) are organic fatty acids with one to six carbons, which are products of bacterial fermentation of complex polysaccharides in the colon. The most abundant SCFAs are acetate, propionate, and bytyrate. SCFAs are shown to have physiologic functions and beneficial effects on the human host, but they are essentially waste products to the microbes, which are required to balance redox in the anaerobic environment of the colon. 3 These molecules are partly metabolized by colonic epithelial cells, and a proportion enters the portal and peripheral circulation, where they exert their systemic effects through the G proteincoupled receptors, such as GPR41 and GPR43.
An observation that has intrigued researchers is that germfree mice have increased susceptibility to ischemia and reperfusion injury (IRI), which is reversed by colonization with commensal bacteria. 4 The mechanism by which the gut microbiome confers protection against IRI is the focus of the study by AndradeOliveira et al., 5 which appears in this issue of JASN. In this exciting study, Andrade-Oliveira et al. 5 have expanded the role of SCFAs beyond their well known role as nutrient for colonic epithelium and regulators of intracellular pH, ion transport, and cell proliferation to explain the gut-kidney connection in IRI. In a series of well designed in vivo and in vitro experiments, Andrade-Oliveira et al. 5 show that treatment with SCFAs reduces IRI-induced kidney injury. Among the SCFAs, acetate treatment offered the best protection. Andrade-Oliveira et al. 5 believe that the key mechanism that confers protection against AKI is reduction in inflammation mediated by an epigenetic mechanism. Andrade-Oliveira et al. 5 also noticed an increase in autophagy, a reduction in apoptosis, and an improvement in mitochondrial biogenesis in response to treatment with SCFA. Furthermore, treatment with acetate-producing bacteria protected the mice kidneys from IRI. 5 This study clearly shows that SCFA protects against IRI through convergence of multiple mechanisms, but it also provokes a number of questions. 5 Considering the complexity of the communication between microbiome, cells, genes, and the ecosystem, it is often challenging to clearly define the role of individual components, which is the case in this study.
Inflammation plays a critical role in induction, maintenance, and resolution of AKI. Innate pattern recognition receptors, including Toll-like receptors (TLRs) and the inflammasome, trigger inflammation in response to tissue injury and pathogens. 6 The composition of the microbiome influences the balance between immune regulatory (Treg) and proinflammatory (TH17) T cells. For instance, segmented filamentous bacterium residing in the terminal ileum in mice recruits CD4
1 T helper cells that produce IL-17 and IL-22 (Th17 cells) in the lamina propria. Another commensal bacteria in the gut, Bacteroides fragilis, induces accumulation of Foxp3 1 Treg cells. This effect was dependent on the expression of a capsular polysaccharide known as polysaccharide A by the bacteria. 7 Smith et al. 8 showed that feeding germfree mice with SCFAs, acetate, propionate, and butyrate increased the abundance of Foxp3 1 Treg cells in the large intestine in a GPR43-dependent manner. Immune cells express the SCFA receptors GPR41 and GPR43. 9 SCFAs may modulate the magnitude and direction of the immune responses by influencing the differentiation and proliferation of T cells and reducing proinflammatory cytokine expression initiated by TLR signaling. 8 In the study by Andrade-Oliveira et al., 5 acetate treatment reduced inflammatory cell infiltration and expression of TLR-4 and its endogenous ligand, Biglycan. However, among the SCFAs, acetate is not the most potent activator of these receptors. 9 Immune response is a highly coordinated multistep process that involves sequential epigenetic changes. Transition from euchromatin to transcriptionally silent heterochromatin is mediated by histone deacetylases (HDACs). Butyrate plays a role in modulating immune responses of intestinal macrophages by inhibiting HDAC, leading to a decreased production of proinflammatory mediators, such as NO, IL-6, and IL-12. 10 HDAC also plays an important role in cell survival and cell proliferation. Recent studies have shown that a significant proportion of surviving, proliferating renal tubular epithelial cells undergo G2/M arrest after injury, which delays recovery from AKI. Hypermethylation of renin-angiotensin system protein activator like-1, which encodes renin-angiotensin system oncoprotein, perpetuates fibroblast activation and fibrogenesis in the kidney, and thus, it may lead to progressive loss of kidney function. In vitro studies have shown that butyrate regulates expression of genes that arrest growth and induces cellular differentiation. 11 Furthermore, in the HT-29 carcinoma cell line, butyrate inhibited proliferation and increased apoptosis but had no effect on the normal epithelial cell line, 12 suggesting that the action of SCFAs may depend on the state of activation of the target cells. Future studies should consider examining the effect of different SCFAs at different stages of IRI injury.
The hallmark of IRI is profound depletion of intracellular ATP content. In fact, adenine nucleotides infusion enhanced recovery from AKI after an ischemic insult. Mitochondria are the principal generators of cellular ATP. Two mechanistically distinct forms of programmed cell deaths (autophagy and apoptosis) may be induced by cellular stress. Mitochondria regulate the transition between apoptosis and autophagy, with low-intensity stress favoring autophagy and high intensity of cellular stress leading to apoptosis. Autophagy is an evolutionarily conserved cell survival mechanism that recycles cellular constituents to sustain bioenergetics. Jiang et al. 13 showed that hypoxia induces autophagy in cultured renal proximal tubular cells. Blocking autophagy by 3-methyladenine or knockdown of autophagic genes (Becline-1 and ATG5) sensitized the cells to apoptosis. Providing butyrate or colonizing with butyrate-producing bacteria (Butyrivibrio fibrisolvens) improved oxidative phosphorylation and ATP synthesis and prevented autophagy. 14 It is important to remember that autophagy is the lesser of two evils. The decrease in apoptosis and increase in autophagy observed in the study by Andrade-Oliveira et al. 5 may be caused by improved mitochondrial energetics with acetate treatment. Although the increase in mitochondrial DNA content reported in the study provides some clue, future studies should be designed to examine mitochondrial function by assessing mitochondrial membrane potential, ATP content, and mitochondrial dynamics. 5 The 2013 World Kidney Day Steering Committee focused on AKI: directing awareness to its effect and calling for campaigns to promote early detection, prevention, and implementation of evidence-based therapies. The study by Andrade-Oliveira et al. 5 is very important in that it shows that SCFA confers kidney protection against IRI through multiple potentially biologically interrelated mechanisms. When analyzed critically, it seems that the common factor that underpins the kidney-protective effect of SCFA is through energy conservation in the oxygen-deprived kidney and by improvement of mitochondrial energetics. SCFAs provide about 10% of the daily caloric requirement in humans. They affect lipid, glucose, and cholesterol metabolism in various tissues. It is important to remember that mounting an immune response is an energy-consuming process, which may compete for meager energy resources in the setting of AKI. It is tempting to hypothesize that, other than providing an energy source to the kidney, SCFAs may be reducing the energy consumption by reducing inflammation, promoting apoptosis, and thereby, diverting the much-desired energy toward cellular regeneration.
Although the pioneering study by Andrade-Oliveira et al. 5 is an important step in our comprehension of the effect of SCFAs on the ischemic kidney, it has left a number of questions to be addressed by future researchers. (1) Is the kidney-protective effect confined to acetate alone or applicable to other SCFAs as well? Convincing evidence indicates that propionate and butyrate are more effective than acetate in reducing inflammation and improving mitochondrial energetics, but then, why is acetate most effective in kidney IRI? (2) Do the signals from the ischemic kidney influence the generation of the amount and type of SCFAs produced by the gut microbiome? (3) Is there a mechanism by which the body traffics the SCFAs from the gut to the kidneys in IRI? (4) Does the kidney express specific receptors in response to IRI, or is it is solely through receptors present in the invading inflammatory cells? (5) Is there a role for the vascular effects of SCFAs mediated through Olfr78 and Gpr41 in protection against the IRI? 15 Answering these questions will improve our understanding and propel the SCFAs to prime time in the management of AKI.
In this state of knowledge, it is important that we do not overemphasize the importance of a single metabolite without fully understanding how the modulations of these biologic effects interact to confer protection against a complex disease process, such as AKI. Although the results from the study are encouraging, caution must be exercised when in vitro and animal studies are extrapolated to human disease. ACKNOWLEDGMENTS D.S.R. was supported by National Institutes of Health Grants 1R01-DK073665-01A1, 1U01-DK099924-01, and 1U01-DK099914-01.
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